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Abstract. Systems based on wind energy harvesting can successfully meet part of the increasing
green energy demand worldwide. However, wind turbines operation might be undermined by
varying atmospheric conditions, which could result in an increase of angle of attack and
consequent onset of flow separation phenomena, especially at low Reynolds numbers. Such
conditions are strongly influenced by blades geometry, and they negatively affect structural
integrity and power output of wind turbines. For this reason, it is crucial to define a tool capable
of swiftly allowing numerical investigations on different geometrical configurations to delay and
mitigate flow separation occurrence. The present work aims at modelling laminar-turbulent
transition and turbulent flow separation over a wind turbine blade section operating at angle of
attack = 15°, Re = 66000 and Pr = 0.71 by means of a steady RANS approach. Turbulence is
treated by means of the Transition SST k-® and the Transition k-kL.-@ models. The main
aerodynamic and thermal coefficients are evaluated and compared against a high-order accurate
DNS database for validation. The results highlight, for the present test case, a better capability
of the Transition SST k- of perceiving the main thermo-fluid dynamic features of the separated
flow over the blade section.

1. Introduction

Renewable energy sources are crucial to mitigate climate change. Wind energy harvesting is expected
to become prevalent [1], although large-scale wind farms might have a potential climatic impact.
Decentralized installation of small-scale wind turbines can overcome this issue [2]. In these devices,
small geometric scale rotors are required to operate within a nominal range of wind speeds and Angles
of Attack (AoAs) at low Reynolds numbers (1x10* < Re < 3x10%) [3]. A typical feature of low Reynolds
number regimes is the formation of a Laminar Separation Bubble (LSB) on the low-pressure surface of
the wind turbine blades [4]. In this case, laminar flow experiences a strong adverse pressure gradient on
the suction surface with the increase of the angle of attack and separates before transition to turbulence.
The separated flow quickly undergoes transition and then reattaches as a turbulent boundary layer on
the blade surface, leading to the formation of a short separation bubble. By further increasing the angle
of attack, such bubble suddenly bursts, causing an abrupt change of the flow pattern and a significative
loss of lift [5]. Due to recent growth of available computational power, passive methods for flow
separation control have been focused on numerical optimization of aerofoil design to maximize lift
whereas minimizing drag and achieving separation delay at increasing AoAs. However, geometrical
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optimization usually deals with either high Reynolds number flows or low AoAs, hence far from flow
separation conditions [6,7]. In fact, as stressed by Li et al. [8], geometrical optimization techniques
usually fail in regions where flow separation occurs due to wrong parametrization or general non-
convergence of the solver. For this reason, design methods found in the literature for wind turbines
operating at low Reynolds numbers, i.e., small scale wind turbines, are flawed. Additionally, for the
sake of a reliable shape optimization, a priori identification of a turbulence model able to correctly
reproduce the process of transition to turbulence should be also addressed [9]. The present preliminary
study thus proposes to identify a reliable turbulence model to be used in the shape optimization of a
blade profile working in the low Reynolds number regime and with high AoA. To this aim, the separated
flow over a NACA 4412 profile is numerically investigated by means of two-dimensional steady
Reynolds-Averaged Navier-Stokes (RANS) simulations, based on two different turbulence models,
namely the Transition SST k- and the Transition k-ki-@ models. The choice of these RANS transitional
models has been driven by promising outcomes provided by previous numerical works investigating
similar flow separation conditions [10,11]. Energy equation has been also included to account for heat
transfer aspects which may be crucial when dealing with development of effective de-icing solutions
[12]. The Reynolds number considered in the present work, based on the chord length and the free-
stream velocity, is Re = 66000, the Prandtl number is Pr = 0.71, the angle of attack is AoA = 15°, and
the turbulence intensity of the free-stream flow is 5%. Thermo-dynamic quantities provided by the
steady RANS simulations are compared with those obtained through a Direct Numerical Simulation
(DNS) and with previous experimental investigations.

2. Computational methods

2.1. Mesh and boundary conditions

In the present study, a C-grid was adopted among other possible domain topologies (figure 1). A two-
dimensional computational domain was realized by considering the following geometrical extensions,
being “c” the blade section chord: 10c along both the upstream and normal directions; 15¢ along the
downstream direction; blade section inclined of 15° with respect to the streamwise direction
(corresponding to AoA = 15°). A circular refinement region, with radius equal to 2.5¢ and centred at
0.5c from the leading edge, was also generated to increase the spatial resolution in separated flow
regions. Uniform velocity inlet and zero-gauge pressure outlet conditions were given at the left and right
boundaries, respectively, according to the sketch of figure 1. Symmetry conditions were set at top and
bottom boundaries. No-slip conditions were imposed at the blade section surface. With regards to
boundary conditions for temperature, fixed temperature values of Ty and Ty, with 7y > T, were imposed
at the inlet and at the blade section surface, respectively (0: free-stream, w: blade section wall).
Concerning the meshing strategy, a hybrid mesh was used for the present investigation (figure 1). The
mesh was generated by means of Ansys© Design Modeler (v. 2023 R1). The first layer thickness was
imposed such that the requirement y+ < 1 was achieved on the overall blade section surface (growth rate
equal to 1.05), over which mesh elements were equally distributed.

symmetry

inlet = outlet

symmetry

Figure 1: Employed meshing strategy and boundary conditions.

2.2. Numerical procedure
A two-dimensional steady RANS analysis was carried out by adopting two different turbulence models,
the Transition SST k- [13] with production limiter [14] and the Transition k-kr-o [15] models. RANS
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equations are derived by averaging incompressible continuity (equation 1) and momentum (equation 2)
equations:

ou; |
x (1

ou; a(UU;) -18P o [ (dU, U

_1+(—J):__+_ v iy +1;; (2)
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where U is the averaged velocity in the streamwise and crossflow directions, P is the averaged pressure,
v is the kinematic viscosity, p is the density and 7;; is the Reynolds stress tensor. The energy equation
is additionally included:

0 0 0 0T

a (D 5 (UD=5C (“ ax) (3)
being T the temperature and o the air thermal diffusivity. Steady RANS and energy equations are solved
numerically through the CFD code Ansys Fluent® (v. 2023 R1), based on the second-order accurate
finite volume method. The absolute convergence criterion was set, for all residuals, to 1e-6. A chord-
based Reynolds equal to 66000 was considered. The free-stream turbulent kinetic energy was set to
obtain a Turbulence Intensity (TI) at the leading edge equal to 5%. Prandtl number equal to 0.71 was
used, since it is a representative value for air.

2.3. The reference DNS

The reference DNS was carried out with the well-known open-source code Nek5000 [16]. The
continuity equation and the three-dimensional Navier-Stokes equations for incompressible flows were
solved numerically based on a high-order spectral element method for spatial discretization. For the
present computation spectral elements of order N = 7 were used. The time integration is based on a
third-order accurate, implicit-explicit scheme. The non-dimensional time step was kept fixed at At =
2.5x107° during the simulation to fulfil a condition CFL < 0.5 in each point of the domain. A three-
dimensional C-type computational domain was employed. The domain extends 3¢ upstream of the wing
section, 5S¢ downstream, and 0.6¢ along the spanwise direction. Inflow condition was imposed at the left
and top boundaries to obtain a free-stream flow with angle of attack a=15° and fixed temperature To.
Outflow condition was imposed at the right and bottom boundaries. No-slip and fixed temperature Ty
conditions were enforced at the solid walls for velocity and temperature, respectively. Finally,
periodicity was used in the spanwise direction. Synthetic inflow turbulence is generated on a plane
located 1c¢ upstream of the leading edge of the blade to obtain a free-stream turbulence intensity of
TI=5%. The number of elements was Ng = 2°886°400, which corresponds to almost 1 billion of degrees
of freedom. In the near-wall region the spatial resolution meets the following characteristics Ax* < 10,
Ay <045 and Az <7.5.

3. Results

3.1. Grid independence
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Figure 2: Lift coefficient against elements around the blade section
(a) and overall elements (b).
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The computational grids considered for grid independence study were refined by first varying the
number of elements around the blade section, and then by varying the dimension of the elements in the
circular refinement zone around the blade section. The lift coefficient (Cy) is the reference quantity for
the grid independence study. In figure 2a, C; is plotted against the number of elements around the blade
section. It can be noted that, for number of blade section elements greater than 800, the coefficient
converges. Hence, further increase of blade section elements would not affect the solution. Therefore,
C: was estimated as a function of increasing number of mesh elements in figure 2b. Due to convergence
of the coefficient above 841865 mesh elements, grid independence was reached, and grid having 841865
elements was selected for the analysis.

3.2. Flow dynamics

The effects of the RANS turbulence models employed on the mean flow features were first assessed.
RANS results of present investigation were compared with those coming from the DNS introduced in
Section 2.3. First, lift (C.) and drag (Cp) coefficients were used as global quantities to assess any
discrepancies between the adopted models and DNS results. In table 1, such a comparison is reported
by also considering previous experimental investigations on NACA 4412 profiles [17,18]. Notice that
the present test case considers a rather atypical combination of angle of attack, Reynolds number and
turbulent intensity. Hence, a direct comparison between numerical and experimental results collected in
previous works could not be fully performed due to a lack of available data for same working conditions.

Table 1: Lift and drag coefficients for different numerical approaches and
comparison with similar experimental cases [17,18].

Method Re AoA Cr Cp

DNS 6.6+ 10* 15° 1.409 0.097
Transition SST k-® 6.6 - 10* 15° 1.285 0.105
Transition k-ki-® 6.6 - 10* 15° 1.534 0.115
Koca et al. [17] 7.5-10* 14° 1.3 0.15
Dwivedi et al. [18] 1.7+ 10 15° 1.45 0.719

Here, it can be noticed that the Transition SST k- tends to underestimate the lift coefficient of DNS,
while it slightly overestimates the drag coefficient. On the other hand, the Transition k-ki-®
overestimates both lift and drag coefficients. Nonetheless, the Transition SST k-o exhibits a slightly
better agreement also with the experimental data, especially those provided in [17]. To better understand
the reason behind the reported discrepancies, the pressure coefficient (Cp) and the skin friction
coefficient (Cf), evaluated along the wing surfaces, were considered for comparison between the present
turbulence models and the DNS results in figure 3a and figure 3b, respectively.

a) b)
4l DNS N ] 0.02
Transition SST k-w
\\\ \\ Transition k-k, -w 0.01 1 N
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Figure 3: Comparison between RANS and DNS; pressure coefficient (a), skin friction coefficient (b).
Solid line: pressure side; dashed line: suction side.

Notice that the DNS highlights, in figure 3, the formation of a LSB, which is identified by a plateau in
C, along the suction side, close to the leading edge. While both turbulence models can reconstruct the
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trend provided by the DNS over the pressure side of the airfoil, both methods fail, to some extent, to
reproduce the C, along the suction side. While the Transition SST k-® tends to follow in a more precise
way the stabilization of C, caught by the DNS at the LSB, the Transition k-k; -o exhibits a wider plateau,
suggesting a rather heavy overestimation of LSB length. On the other hand, both models tend to slightly
differ from the DNS result close to the trailing edge, where the final separation of the turbulent boundary
layer occurs. The skin friction coefficient of figure 3b confirms the poor capability of the Transition k-
ki-o of accurately reproducing the LSB length. In fact, C; estimated by the Transition k-ki-® assumes
negative values for a wider range of x/c than the Transition SST k-o.

3.3. Heat transfer

Heat transfer quantities were also collected during computations. In figure 4, the local Nusselt number
(Nu) evaluated over the wing surface is shown for the three different methodologies. Specifically,
Nusselt number was locally evaluated as Nu = -dT/dfi (¢/(T,-Ty,)).

1000 " T T T |
DNS
800 n Transition SST k-w | ]
[ Transition k—kL—w
600 \
3
=
400
200
0

x/c
Figure 4: Comparison between RANS and DNS local Nusselt number. Solid line: pressure side;
dashed line: suction side.

A very good agreement between turbulence models and DNS is perceivable at the leading edge and over
the pressure side. For what concerns most of the suction side, Nu is underestimated by both turbulence
models. Such a discrepancy is stronger at the LSB location probably due to a general underestimation
of the recirculating flow magnitude.

4. Conclusions

A NACA 4412 profile was numerically investigated through a steady RANS approach to find the best
transitional model able to reproduce the main aerodynamic and thermodynamic features under low
Reynolds number and high AoA. Specifically, tests were performed at Re = 66000 (chord-based), AoA
= 15° and level of the free-stream turbulence TI = 5%. Simulations were carried out through Ansys
Fluent© (v. 2023 R1). Results provided by Transition SST k-w and the Transition k-ki-® models were
studied and compared with DNS data. The results highlighted that, for the present study case, the
Transition SST k- model was the more accurate, not only in terms of global aerodynamic coefficients,
but also in catching transitional features of the separated flows, such as length of the LSB. In fact, the
latter was overestimated, by the Transition k-ki-®, by more than double. On the other hand, Nu was
similarly predicted by both methods, despite the Transition SST k-m was able to better identify the exact
location of Nu peak at the LSB.
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